We report a comprehensive density functional theory (DFT) + U study of the energetics of charged and neutral oxygen defects in both PuO 2 and α-Pu 2 O 3 , and present a quantitative determination of the equilibrium compositions of reduced PuO 2 (PuO 2−x ) as functions of environmental temperature and partial pressure of oxygen, which shows fairly agreement with corresponding high-temperature experiments. Under ambient conditions, the endothermic reduction of PuO 2 to α-Pu 2 O 3 is found to be facilitated by accompanying volume expansion of PuO 2−x and the possible migration of O-vacancy, whereas further reduction of α-Pu 2 O 3 is predicted to be much more difficult. In contrast to the endothermic oxidation of PuO 2 , the oxidation of α-Pu 2 O 3 is a stable exothermic process.
I. INTRODUCTION
Plutonium oxides have long been of great interest not only for their high importance in nuclear fuel cycle and in long-term storage of Pu-based radioactive waste, but also their fancy physical properties and complex chemical reactions. Most of the rich behaviors of Pu ions in different oxidation states can be attributed to the complex character of Pu-5f orbitals [1] [2] [3] , which locates in the boundary of localized and delocalized 5f states among the actinides. Since different oxidation states have widely different solubilities and demonstrate distinct effects on chemical corrosion of plutonium surface, the redox properties of Pu-oxides play a crucial role in the plutonium science and the reactor safety.
When exposed to oxygen-rich air, metallic Pu surface oxidizes readily to a protective dioxide (PuO 2 ) layer [4] [5] [6] , with a thin layer of the sesquioxide (Pu 2 O 3 ) existing in between.
Although, under special aqueous condition, the hydration reaction on PuO 2 surfaces (PuO 2 + xH 2 O→PuO 2+x +xH 2 ) has been reported to generate higher compound PuO 2+x (x≤0.27) [7] , it has been theoretically proved to be strongly endothermic [8] and the products (PuO 2+x ) are experimentally found to be chemically unstable at elevated temperatures [9] . Thus, PuO 2 is the highest stable oxide as the compound of choice for the long-term storage of Pu.
However, under oxygen-lean conditions (in the vacuum or inert gas), the PuO 2 -layer can be reduced to sesquioxides (Pu 2 O 3 ), which can promote the hydrogenation of Pu metal [4, 10] . Besides the well-known sesquioxide β-Pu 2 O 3 in hexagonal structure (P 3m1), the lowtemperature sesquioxide phase is cubic α-Pu 2 O 3 (Ia3), with ideal stoichiometric structure similar to the 2×2×2 fluorite PuO 2 (F m3m) supercell containing 25% O vacancy located in the 16c (0.25, 0.25, 0.25) sites [see Fig. 1(top) ]. In fact the cubic sesquioxide was detected in an abnormal body centered cubic PuO 1.52 form [11] , since α-Pu 2 O 3 is stable only below 600 K and usually, a mixture of cubic PuO 1.52 and PuO 1.98 can be obtained by partial reduction of PuO 2 at high temperature and cooling to room temperature [12] . Meanwhile, the complex Pu-O phase diagram [13] shows that the PuO 2 -Pu 2 O 3 region mainly consists of widely nonstoichiometric compounds PuO 2−x and has not been fully described since the nonstoichiometry can remarkably vary the properties of Pu oxides at high temperatures.
As the essential component of the uranium-plutonium mixed oxide (MOX) fuels in fast reactors, considerable efforts have been dedicated to the defect chemistry of Pu oxides [14] [15] [16] [17] , and theoretical models have been proposed based on the measured properties/parameters such as the formation energy E f of oxygen defects. More recently, Minamoto et al. [18] employed the DFT calculated E f of single neutral O-vacancy to discuss the phase equilibrium of PuO 2−x -Pu 2 O 3 , however, the conventional DFT that applies the local density approximation (LDA) or generalized gradient approximation (GGA) underestimates the strong correlation of the 5f electrons and, consequently, describes PuO 2 as incorrect ferromagnetic FM conductor [19] instead of antiferromagnetic AFM Mott insulator reported by experiment [20] . Fortunately, several beyond-DFT approaches, the DFT (LDA/GGA)+ U [21] , the self-interaction corrected LDA [2, 22] , the hybrid density functional of (Heyd, Scuseria, and Enzerhof) HSE [23] , and LDA + dynamical mean-field theory (DMFT) [24] have been developed to correct the failures of conventional DFT in calculations of Pu oxides.
The effective modification of pure DFT by LDA/GGA+U formalisms has been confirmed widely in studies of PuO 2 [27] [28] [29] [30] [31] [32] [33] [34] [35] , which have reported the AFM-insulator ground state of
In this work, we present a comprehensive DFT+U study of the charge states and formation energies of oxygen point defects in both PuO 2 and α-Pu 2 O 3 , and the equilibrium compositions of PuO 2−x as functions of the environmental parameters (temperature and partial pressure of oxygen).
The rest of this paper is organized as follows. The details of our calculations are described in Sec. 2. In Sec. 3, we present and discuss the results. In Sec. 4, we summarize our main conclusions.
II. DETAILS OF CALCULATION
The calculations are carried out using the Vienna ab initio simulation package [25] in the framework of the projector-augmented wave (PAW) method [26] . Following our previous DFT+U studies [27] [28] [29] [30] [31] [32] of plutonium oxides, we apply the GGA+U scheme formulated by Dudarev et al. [21] to correct the strong on-site Coulomb repulsion among the Pu-5f elec- AFM order to make the convergence to the ground state systematically, and strictly abided by the basic principle that the state with lowest total energy corresponds to the groundstate. The charged oxygen defects are modeled by adding or removing electrons from the supercell. The geometry optimization is carried out until the forces on all atoms are less than 0.01 eV/Å. The plane-wave cut-off energy of 400 eV and a 7×7×7 Monkhorst-Pack [37] k-point mesh (64 irreducible k points) are applied, and the convergences with respect to these input parameters are checked to be within 0.001 eV.
The formation energy of an isolated O-vacancy
where E vac , E int , and E per represent the total energies of the system with an O-vacancy, an O-interstitial, and the perfect system, respectively. E F is the Fermi energy relative to the interaction between the gaseous molecules is negligibly small, the ideal gas approximation of gaseous O 2 is expected to be reasonable. Thus, we can use the well-known thermodynamic expression [38] 
where E O 2 is the total energy of the oxygen molecule. For the standard pressure p 0 = 1 atm, the values ofμ O 2 (T, p 0 ) have been tabulated in Ref. [39] . With the "ab initio atomic thermodynamics" method [38] , one can see that the zero-temperature DFT+U calculations just provide input parameters (total energies) for the thermodynamic formalism of the redox energetics [equations (1) and (2) 
III. RESULTS AND DISCUSSION
We begin by an overall comparison of the atomic-and electronic-structure properties between PuO 2 and α-Pu 2 O 3 presented in Fig. 1 In current calculations based on a 2×2×2 PuO 2 supercell, the nonstoichiometry x is not recent theoretical studies [43, 44] are found to be only qualitative agreement (instead of quantitative) with the corresponding high-temperature experiments. At low-temperature conditions, our results (not shown here) indicate that it is very hard to achieve the desired thermo-equilibrium conditions. However, with a reducing atmosphere such as CO or H 2 , these conditions can be generated. Furthermore, in our DFT+U calculations, it is found that some cluster structures of O vacancies can efficiently decrease the average formation energyĒ f v , the fact of which indicates that at low temperatures the optimized configuration of O vacancies in the PuO 2−x matrix is the actual key factor that influences the corresponding thermo-equilibrium conditions, whereas at high temperatures the O vacancies potentially have an even distribution.
IV. CONCLUSIONS
In summary, based on the DFT+U framework and the ideal-gas approximation, we systematically investigate the environmental dependence of the redox energetics of PuO 2 and α-Pu 2 O 3 . Our results clearly reveal that the reduction of PuO 2 is an endothermic process, whereas the reduction of α-Pu 2 O 3 will be much more difficult due to the higher formation 2011A0301016.
